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Summary: The effects of burn injury (30% of total body surface area) on the levels of oxidized and reduced
glutathione, malondialdehyde, and on the activities of certain glutathione-dependent enzymes, have been determined
in tissues of rabbit models. Thus, the malondialdehyde, glutathione (GSH), glutathione disulfide (GSSG) concentra-
tions and the specific activities of glutathione peroxidase, glutathione S-transferase, and glutathione reductase were
measured in liver and lung of 24-h burn rabbit models and compared to the corresponding values in 24-h sham
burn (medicated, anesthetic/analgesic) rabbit models. It was found that the concentrations of malondialdehyde in
liver and lung of burn models were increased by 17% and 29% respectively. Glutathione concentrations were
decreased by 29% in liver and 13% in lung, and glutathione disulfide concentrations were increased by 35% in
liver and 33% in lung, in burn versus sham burn models. It was also found that the specific activities of glutathione
peroxidase decreased significantly, resultant to burn injury, by an average of 35% and 27% in liver and lung,
respectively. Burn injury also decreased glutathione S-transferase specific activities by 14% in liver and 23% in
lung tissues. In contrast, glutathione reductase specific activity was increased in liver tissues (22%), but was
decreased (19%), as with the other enzymes studied, in lung tissues of burn models. Control model studies (no
medication, no sham burn) show that these effects of burn injury are additional to effects elicited by medication
associated with sham burn models. The data of this study are indicative of a major oxidative stress in liver and
lung tissues due to burn injury at a remote site.
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Among the major defense processes which combat the
deleterious oxidation effects resulting from reactive oxy-
gen species are glutathione, certain glutathione-depen-
dent enzymes; such as glutathione peroxidase2), gluta-
thione S-transferase2), and the glutathione regenerative
enzyme, glutathione reductase2) (17). Glutathione per-
oxidase, a selenium-enzyme, catalyzes the reduction of
hydrogen peroxide, organic peroxides, and in the case of
a liver form (18), phospholipid peroxides. Glutathione
peroxidase, along with glutathione reductase, serves to
detoxify a major portion of the cellular hydroperoxides
and peroxides generated by reactive oxygen species
(19). Certain forms of glutathione S-transferase, in addi-
tion to catalyzing conjugations of glutathione with toxic
compounds (xenobiotics), including the degradation
product of arachidonic acid, 4-hydroxynon-2-enal (20,
21), have also been shown to catalyze the reduction of
organic peroxides (22, 23).
Depletion of cellular glutathione may reduce the cellular
ability to destroy free radicals and reactive oxygen spe-
cies, thereby raising the general oxidative potential in
the cells. Oxidized glutathione is a physiological indica-
tor of the activity of the intracellular defense system
against reactive oxygen, and it can be used to monitor
oxidant stress in vivo (24). In this investigation, we ex-
tend the study of the role of glutathione and its depen-
dent enzymes upon the oxidative stress resultant to acute
burn injury of skin. The consequences of f ll thickness
skin burn injury, involving approximately 30% of the
total body surface area, have been studied after 24 h, on
the malondialdehyde, glutathione, oxidized glutathione
levels, and on the activities of certain glutathione-depen-
dent enzymes, glutathione peroxidase, glutathione S-
transferase, and glutathione reductase in liver and lung
tissues of rabbit models.
Materials and Methods
Materials
Liver and lung tissues from sham burn and burn models, New
Zealand white rabbits, were kindly donated by Dr. J. W. Morton,
Professor of Surgery, University of Texas Southwestern Medical
Center, Dallas, Texas. The following chemicals were purchased
from Sigma Chemical Company: reduced glutathione, oxidized
glutathione, l-chloro-2,4-dinitrobenzene, -nicotinamide adenine
dinucleotide phosphate (reduced form), glutathione reductase (type
III, Bakers yeast), cumene hydroperoxide, o-phthalaldehyde, phe-
nylmethylsulfonyl fluoride, N-ethylmaleimide, thiobarbituric acid,
1,1,3,3-tetramethoxypropane (malonaldehyde- bis-dimethylacetal),
2) Enzymes:
Glutathione Peroxidase (Glutathione : Hydrogen Peroxide Oxido-
reductase, EC 1.11.1.9);
Glutathione Reductase (Reduced-NAD(P) : Oxidized Glutathione
Oxidoreductase, EC 1.6.4.2);
Glutathione S-Transferase (RX : Glutathione R-transferase, EC
2.5.1.18).
and all inorganic salts and organic reagents. All enzyme assays and
spectrophotometric readings were made on a Shimadzu UV-1201
or a Beckman DU-70 spectrophotometer. A Hitachi F-2000 fluo-
rescence spectrophotometer was used for the determinations of glu-
tathione and oxidized glutathione concentrations in tissue extracts.
Rabbit burn model
New Zealand white rabbits were housed and used in compliance
with the regulations of the Animal Care Facility of the University
of Texas Southwestern Medical Center. The animals were divided
into 3 experimental groups: control (n = 4), sham (n = 7), and
burn (n = 7). The control animals were given a lethal dose of so-
dium pentabarbital (4 ml of 50 g/1), and the organs were harvested
immediately after death and freeze-clamped. The other two groups
were anesthetized with isoflurane; central venous and thermistor-
tipped aortic catheters were placed in the jugular vein and carotid
artery. The deeply anesthetized animals were then placed in a tem-
plate device, and the surface area of the shaved skin exposed
through the device (on the animal's back and on each side) was
immersed in 100 °C water for 12 seconds. With this technique (25),
full thickness burns comprising 30% of the total body surface area
were obtained. Sham-burned rabbits were subjected to the same
treatment, except they were immersed in water at room temper-
ature. The animals were then dried, allowed to recover from anes-
thesia, and given Ringer's lactate solution to maintain urine output.
The animals were also given an analgesic (buprenorphine, 0.05
mg/kg) immediately postburn, and at each succeeding 8-h interval
throughout a 24-h period. These animals were then sacrificed
(seven burn and seven sham-burn), and organs (lung, liver) were
harvested, freeze-clamped, and stored at -80°C until used for
analysis. The statistical analyses of the data (mean, standard error
of the mean, and p value [Student t-test]) were calculated using the
Macintosh software program, Microsoft Excell, Version 4.0.
Tissue preparation for enzyme assays
Tissues were homogenized (100 g/1) in cold, 10 mmol/1 sodium
phosphate buffer, pH 7.4, containing 100 μήιοΐ/ΐ phenylmethylsul-
fonyl fluoride. Homogenization was carried out using a Polytron
homogenizer at a setting of 12.5 to 13.0 for 30 seconds. Homoge-
nates were centrifuged at 25 000 g for 30 min, the supernatant solu-
tions were used for the enzyme assays.
Determination of tissue lipid peroxides
Lipid peroxides, in terms of malondialdehyde produced, were de-
termined by a method similar to that of Ohkawa et al. (26). In the
standard assay, 1.0 ml of (100 g/1) tissue homogenate (Polytron
homogenization in, 11.5 g/l, KC1) was mixed with 0.4 ml of (80
g/I) aqueous sodium dodecylsulfate. Then 1.0 ml of 4.0 g/1 thiobar-
bituric acid solution, prepared as previously described (27), was
added, and the reaction mixture was diluted to a total volume of
5.0 ml with physiological saline. This mixture was incubated at
95 °C in a water bath, with gentle shaking, for 60 min. After cool-
ing in water, 5.0 ml of w-butanol-pyridine solution (15 : 1) was
added, mixed, and centrifuged for 15 min (4000g) to extract the
pink reaction product. The absorbance was measured, at 532 nm,
and readings were compared to a standard curve prepared from
solutions of known concentrations of malondialdehyde treated as
described above.
Glutathione and glutathione disulfide determinations
tissue levels of these metabolites were determined by measure-
ment of fluorescence emission of the o^phthalaldehyde reaction
product with either glutathione or glutathione disulfide. Extracts
were made by homogenizing 1.0 g of liver or lung tissue in 19 ml
of aocold solution prepared from 15 ml of 100 mmol/1 phosphate-
5 mmol/1 EDTA buffer, pH 8.0, and 4.0 ml of 2.73 mol/1 phospho-
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ric acid. The precipitated proteins were then removed by centrifu-
galion at 4 °C at 30000 g for 30 niin, and the supernatant solutions
were used for the glutathione and glutathione disulfide assays.
Glutathione and glutathione disulfide were determined by the
method of Cohn & Lyle (28) as modified by Hissin & Hilf (29).
Fluorescence measurements were compared to a standard curve
constructed from fluorescence values obtained for known concen-
trations of glutathione or glutathione disulfide. Recovery studies
were conducted on several tissue samples by spiking the tissue
extracts with known quantities of glutathione or glutathione disul-
fide. In all cases recoveries of both glutathione and glutathione
disulfide ranged from 90 to 95%.
Enzyme assays
Glutathione peroxidase activity, using cumene hydroperoxide as
substrate, was determined by the coupled enzyme method of Pag-
lia & Valentine (30) with minor modifications. The standard assay
mixture contained in 1.0 ml final volume: 50 mmol/1 Tris buffer,
pH 7.4; 0.14 mmol/1 -nicotinamide adenine dinucleotide phos-
phate (reduced form, NADPH); 1.0 mmol/1 glutathione; 1.0 kU/1
glutathione reductase; 0.5 mmol/1 cumene hydroperoxide; and a
rate-limiting amount of glutathione peroxidase (tissue homogenate
supernatant fraction). For each determination a non-enzymatic glu-
tathione oxidation rate was determined in the absence of glutathi-
one peroxidase activity; the value obtained was subtracted from
the rate observed in the presence of glutathione peroxidase activity.
One unit of glutathione peroxidase activity is expressed as the
amount of enzyme required to oxidize 1.0 μπιοΐ/min of NADPH
under the assay conditions.
Glutathione S-transferase activity was measured by the procedure
of Habig et al. (31). One unit of activity is defined as the amount
of enzyme producing 1.0 μιηοΐ/min of thioether (from 1-chloro-
2,4-dinitrobenzene), as measured spectrophotometrically at 340
nm. Glutathione reductase activity was determined according to
the method of Carlberg et al. (32). One unit of enzyme activity is
defined as that amount of enzyme which catalyzes the oxidation
of 1.0 μπιοΐ/min of NADPH.
Protein determinations
Protein concentrations in tissue homogenate supernatant fractions
were determined by the method of Bradford (33), employing bo-
vine serum albumin as a protein standard. Metabolite concentra-
tions (malondialdehyde, glutathione, and glutathione disulfide) are
reported in terms of nmol or μηιοί per g of tissue (wet weight);
when calculated in terms of amounts per mg of protein, the com-
parative levels of these metabolites remain essentially the same.
trol model values). These data are summarized in ta-
ble 1.
Glutathione and glutathione disulfide determinations of
liver and lung tissues from 24-h burn, sham burn, and
control models are also summarized in table 1. In liver
tissues from burn models there is an average 29%
(p < 0.001) decrease in glutathione concentration ac-
companied by an average 35% (p < 0.01) increase in
glutathione disulfide concentration when compared to
sham burn models. In the liver tissues of control models,
compared to burn models, there is an average 2-fold
decrease (p < 0.001) in glutathione concentration and a
2-fold increase (p < 0.001) in glutathione disulfide con-
centration. Sham burn also caused some alteration in the
levels of these metabolites in the liver; a 30%
(p < 0.001) decrease in glutathione and a 48%
(p < 0.01) increase in glutathione disulfide levels, com-
pared to control values. The corresponding values for
glutathione in burn lung compared to sham burn and
control lung give a 13% (p < 0.07) and 32% (p < 0.01)
decrease, respectively. The concentration of glutathione
disulfide in burn lung tissue increased by 33%
(p < 0.001) and 50% (p < 0.001) over sham burn and
control values, respectively. The glutathione and gluta-
thione disulfide levels of sham burn lung versus control
lung show a 22% (p < 0.001) decrease and a 13%
(p = 0.1) increase, respectively.
The glutathione-dependent enzymes, glutathione peroxi-
dase, glutathione S-transferase, and glutathione reduc-
tase, were also studied in 24-h tissues from liver and
lung in burn, sham burn, and control rabbit models. The
results are summarized in table 2. The values given are
statistically significant. The glutathione peroxidase spe-
cific activity is decreased by an average of 35%
(p < 0.001) in burn liver, and by 27% (p < 0.001) in
burn lung in comparison to sham burn. The specific ac-
Results
Lipid peroxide levels were measured, in terms of malon-
dialdehyde produced therefrom (34, 35), in liver and
lung tissues of burn, sham burn, and control rabbit mod-
els, 24 h post-burn or post-sham burn. Liver and lung
tissues from burn models have an average increase of
17% (p < 0.001) and 29% (p < 0.001) in malondialde-
hyde levels, respectively, when compared to sham burn
models. The malondialdehyde level of the burn models
increased by 26% and 55% in the liver and lung respec-
tively, when compared to control models (p < 0.001).
The effects of anesthetic/analgesic on the liver and lung
malondialdehyde levels were increases of 8% (p < 0.03)
and 20% (p < 0.001), respectively (compared with con-
Tab. 1 Malondialdehyde, GSH and GSSG levels in control, sham
burn and burn, liver and lung tissues.
Tissue
Liver
Lung
Treat-
ment
Control
Sham
Bum
Control
Sham
Burn
Malondi-
aldehyde
(nmol/g
tissue)
71.5 ± 1.32
77.3 ± 1.70
90.2 ± 1.80
81.5 ± 1.03
97.4 ± 1.15
126.0 ± 2.03
GSH
(μπιοΐ/g
tissue)
8.00 ± 0.09
5.60 ± 0.20
4.00 ± 0.30
3.54 ± 0.07
2.76 ±0.15
2.40 ± 0.09
GSSG
(μηιοΐ/g
tissue)
1.15 ±0.06
1.70 ±0.10
2.30 ± 0.20
0.88 ± 0.03
0.99 ± 0.05
1.32 ±0.03
See Materials and Methods for experimental details. Data are ex-
pressed as mean ± SEM, (n = 4 for control, 7 for sham, and 7 for
burn). Statistical significances, p values, are given in the Results
section.
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Tab. 2 GSH-dcpendent enzyme specific activities in control,
sham bum and burn, liver and lung tissues.
Tissue
Liver
Lung
Treat-
ment
Control
Sham
Burn
Control
Sham
Burn
Glutathione
peroxidase
(mU/mg
protein)
911 ±81
904 ± 40
591 ± 47
166 ± 7.3
162 ± 5.2
118 ± 3.4
Glutathione
S-transferase
(mU/mg
protein)
5228 ± 40
5200 ± 160
4470 ± 120
819 ± 13
830 ± 30
640 ± 20
Glutathione
reductase
(mU/mg
protein)
69.3 ± 1.4
72.1 ±2.6
88.2 ± 2.0
69.1 ± 1.5
69.4 ± 1.7
56.1 ± 2.0
See Materials and Methods for experimental details. Data are ex-
pressed as mean ± SEM, (n = 7 for burn and sham bum, n = 4
for control). Statistical significances, p values, are given in the
Results section.
tivity of glutathione S-transferase is decreased by an
average of 14% (p < 0.01) and 23% (p < 0.001) in the
liver and lung of burn animal models, respectively, com-
pared to sham burn. On the other hand, the specific
activities of glutathione reductase are increased by an
average of 22% (p < 0.001) in the livers of models sub-
jected to thermal injury, when compared to sham burn.
Although the actual difference in glutathione reductase
specific activities of burn and sham burn models are
rather small, statistical analyses indicate that these dif-
ferences are significant. In contrast, in lung tissues of
burn and sham burn models, the glutathione reductase
specific activities reflect the trends of the other two glu-
tathione-dependent enzymes studied; there is an average
19% (p < 0.001) decrease in specific activity in burn
models as compared to sham burn models. No differ-
ences were found in these enzyme activities which could
relate to effects of anesthetic/analgesic (control versus
sham). Others have reported differences in glutathione
metabolism and in glutathione-dependent enzyme activ-
ity responses to various chemical challenges in lung and*
liver tissues (36). In a separate study we measured the
activities of two glutathione-independent, anti-oxidative
enzymes (Superoxide dismutase and catalase) in liver
and lung homogenates of control, sham burn and burn
models. The activities of these enzymes within the three
groups were not statistically different.
Discussion
In the present study, the malondialdehyde levels, derived
from the breakdown of fatty acid peroxide moieties, are
increased in both liver and lung of burn models, when
compared with malondialdehyde levels in sham burn an-
imals (tab. 1). This increase could result from deleterious
oxidative effects on membrane lipids (10, 11) at sites
remote from the site of injury. Thus, hydrogen peroxide
(or other organic peroxides), hydroxyl radicals or super-
oxide radicals, produced at the site of injury, could oxi-
dize fatty acid moieties of membrane lipids at distal
sites. Another explanation could be that lipid peroxides,
produced from damaged cell membranes at the injury
site, enter the circulation and become incorporated into
membrane lipids in other tissues, such as liver and lung
(37). Yet another explanation could relate to the influx
into liver and lung tissues of phagocytes, such as neutro-
phils, in response to the burn injury, which could gener-
ate reactive oxygen species (38, 39). A previous study
by others in this laboratory (unpublished), involving skin
burns in rabbit models, showed that circulating neutro-
phils increase approximately 30% within 4 h following
burn injury, and remain at that level at least 24 h. As
also seen in table 1, malondialdehyde levels in both liver
and lung of control rabbits (no sham burn, no anesthetic/
analgesic) are the lowest of the test groupings. It is evi-
dent that there are increases in peroxide formation due to
oxidative processes involving the anesthetics/analgesics
(sham burn). However, these findings do not negate the
evidence of even greater oxidative stress (highest ma-
londialdehyde levels) found in the bum animal group.
Since glutathione-dependent enzymes (i. e., glutathione
peroxidase) play a major role in decreasing the levels of
various peroxides, it would not be surprising that the
oxidative insult evidenced by the increases in malondial-
dehyde in burn liver and lung would have an effect on
the relative amounts of the glutathione and glutathione
disulfide. The results in this study indicate this to be the
case. The glutathione disulfide/glutathione ratio in sham
burn liver is 0.30; the ratio increases almost 2-fold, to
0.58 in burn liver. Similarly, the glutathione disulfide/
glutathione ratio in sham burn lung is 0.36; in burn lung
the ratio is 0.55, an increase of over 1.5-fold (data de-
rived from tab. 1).
It is noteworthy that the glutathione disulfide levels in
both liver and lung of sham bum models are extraordi-
narily high and give testimony to an oxidative stress
situation (40). Thus, the glutathione disulfide/glutathi-
one ratio in the control groups for liver and lung were
found to be 0.14 and 0.25, respectively (data derived
from tab. 1). The value for this ratio in normal rat liver
has been reported to be 0.05 (41). The low glutathione
and high glutathione disulfide levels in both burn and
sham burn animals, when compared to control rabbit tis-
sues, could well reflect a depletion of glutathione (and
increase in glutathione disulfide) in liver and lung tis-
sues via detoxification processes of xenobiotic anes-
thetic and analgesic supplements (isoflurane and bu-
prenorphine, respectively) during the 24-h period (see
Materials and Methods). It has been established that a
variety of drugs cause oxidative stress (2, 42); relief of
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such stress is addressed, in part, through the action of
glutathione-dependent enzymes. Glutathione peroxidase
produces glutathione disulfide, which competes with
glutathione conjugates (from glutathione S-transferase
activity) for a common carrier to be transported from
cells (43). Both of these processes could lead to the ac-
cumulation of intracellular glutathione disulfide.
In the studies of glutathione-dependent enzymes from
liver and lung of burn and sham burn models, (tab. 2)
the results are consistent with an assumption that the
burn models have experienced oxidative damage of tis-
sue protein and/or membranes at sites remote from the
thermal injury site. There is one exception in these re-
sults, however. In the case of liver tissue, there is a
small, but statistically significant increase in glutathione
reductase activity in burn versus sham burn models.
There is evidence that some enzyme activities are
increased when the glutathione disulfide/glutathione ra-
tio increases (oxidative stress situation). This has been
suggested as an explanation for the increased blood glu-
tathione reductase activity in the uraemic rat where the
glutathione disulfide/glutathione ratio is increased (41).
On the other hand, one of the causes of a decrease in an
enzyme's activity under oxidative stress is the formation
of protein disulfide bridges, with consequent diminution
of catalytic capability (44). The difference in the re-
sponses to oxidative stress of glutathione reductase in
liver and lung tissue in this study are presently unclear.
We found that the in vitro incubation of liver homoge-
nates, obtained from control models, with hydrogen per-
oxide at two different concentrations (0.01 and 0.10
mmol/1) did not significantly alter the activities of the
three enzymes studied herein.
This study gives strong evidence that full thickness skin
burns cause significant effects on the oxidation-reduc-
tion status of glutathione in liver and lung tissues of
animal models. It is reasonable to propose that the
increased glutathione disulfide/glutathione ratios reflect
the organ's response to ameliorate the deleterious effects
of reactive oxygen species (as reflected by increased
malondialdehyde levels) produced at the site of the burn
injury. It is also apparent that when the burn injury is
massive (30%, total body surface area, in this study),
organ response to oxidative damage in a 24-h period
may be inadequate to fully compensate for the insult to
the organism. The residual metabolite and antioxidant
enzyme levels determined in this study generally sup-
port this conclusion. Therapeutic amelioration of burn
injury consequences in peripheral tissues could well in-
voke methodologies that correct for the related increase
in glutathione disulfide/glutathione ratios, since the oxi-
dation-protective glutathione-dependent enzymes, gluta-
thione peroxidase and glutathione S-transferase, demand
high levels of glutathione for optimal activity.
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